FGF2 or FGF8 applied ectopically, close to the developing otic placode enhances transcription of a subset of ear marker genes such as Nkx5-1, SOHo1 and Pax2. Other ear expressed genes (Dlx5 and BMP4) are not up-regulated by FGFs. Ectopic FGFs lead to an increase in size of the vestibulo-cochlear ganglion. This phenotypic change is due to an increased recruitment of epithelial cells to the neuronal fate rather than to an enhanced proliferation. We also observed an induction of additional, vesicle-like structures upon ectopic FGF treatment, but this induction never led to enrolment of a full ear program. We further demonstrate that FGF8 is expressed in two separate, short waves, first at the otic placode stage and later at the vesicle stage. Both activities correspond to critical morphogenetic events in ear development. We propose that FGF8 is an important regulator of otocyst patterning. q
Introduction
Development of the inner ear starts with the induction of the otic placode within the surface ectoderm adjacent to the future rhombomeres 4-6. Induction depends on two signals, the first coming early from the head mesenchyme underlying the area where the future otic placode forms and the second from the neural tube (Gallagher et al., 1996; Torres and Giraldez, 1998) . The local environment also influences further steps of otic development such as the closure of the epithelial vesicle (otocyst) and the pattern formation within the otocyst. Patterning processes are initiated shortly after the inner ear placode becomes morphologically discernible. They are well advanced during vesicle stages, when the inner ear anlagen still consists of simple, single cell layered epithelial sac. Pattern formation becomes apparent through generation of specific gene expression domains. As postulated by Fekete (1996) domains of gene expression, usually transcription factors, are established within the otocyst and lay down the molecular blueprint for the following morphogenetic processes. The boundaries of such domains may subsequently initiate a release of signalling factors that in turn subdivide the morphogenetic territories according to the general patterning mode proposed by Meinhardt several years ago (Meinhardt, 1983; Fekete, 1996) . Recent findings have confirmed the formation of specific gene expression domains and their functional importance during inner ear morphogenesis. The homeobox containing gene, Nkx5-1, is expressed in the anterior part of the otic vesicle and is confined to its dorso-lateral wall, which gives rise to vestibular structures in mouse, chick and fish (Rinkwitz-Brandt et al., 1996; Herbrand et al., 1998; Adamska et al., 2000 Adamska et al., , 2001 . Inactivation of this gene results in severe disruption of the vestibular development Wang et al., 1998) . The Pax2 gene is expressed in a complementary fashion to Nkx5-1, it marks the ventro-medial part of the vesicle, which later forms the cochlea (Herbrand et al., 1998) . Consequently, Pax2 inactivation leads to agenesis of the cochlea (Torres et al., 1996) . Whether the boundaries of two genes i.e. Pax2 and Nkx5-1 are able to induce a new morphogenetic signal has not been demonstrated experi-mentally. In this context, it is interesting to note that BMP4 expression domain in otocysts of Nkx5-1 homozygous mutant mice show weaker and broader appearance in comparison with the wild type control (Rinkwitz and Bober, unpublished observations) .
Despite the fact that a number of genes expressed in the developing inner ear have been described and characterised (review: Torres and Giraldez, 1998) , the molecular nature of ear induction and patterning signals remain elusive. Different FGFs have been implicated in the induction and control of inner ear development (Mansour et al., 1993; Mansour, 1994; McKay et al., 1996; Pirvola et al., 2000) . Some recent reports indicated FGF2 and FGF3 as potent inducers of the ear placodes. In Xenopus, each of the two FGFs induced formation of ectopic otic vesicles . In contrast, Vendrell et al. (2000) showed that injections of retroviruses expressing either FGF2 or FGF3 in chicken led to completely different results. Retroviruses carrying FGF3 induced otic vesicles in a broad area of surface ectoderm while FGF2 expressing viruses were not able to induce ectopic ears. Misexpression of either factor resulted in different responses of the endogenous otic vesicles. FGF3 led to an increased vesicle size and enhanced expression of several otic specific genes, while FGF2 showed no effects on otic development. Gene inactivation experiments in mice support a role for FGF3 in ear development. The FGF3 knock out resulted in severe malformations of the inner ear. However, FGF3 was excluded as a primary otic inducer because ear defects were observed after the vesicles had formed (Mansour et al., 1993) . FGF2 is also expressed in the otic placode but its inactivation in the mouse does not affect ear development (Dono et al., 1998) . Recently, the inactivation of the IIIb isoform of FGFR2, which is a receptor of FGF3 and also FGF10, led to a phenotype which was similar to the one observed in FGF3 deficient mice (De Moerlooze et al., 2000; Pirvola et al., 2000) . In zebrafish the mutation of another member of FGF family, FGF8 (ace mutant) strongly affects ear development (Reifers et al., 1998) . In ace mutants, expression of Nkx5-1 and other genes expressed in the ear was diminished. In addition, Nkx5-1 was strongly down-regulated in cells forming the vestibulo-acoustic ganglion (Adamska et al., 2000) . Until now the role of FGF8 in ear development in higher vertebrates remains elusive.
In this report we have analysed the role of FGF signals during early steps of inner ear development using FGF2 and FGF8 coated beads, which were implanted in different locations close to the otic placode. Implanted FGF sources affected the expression of ear specific genes such as Nkx5-1, Dlx5, SOHo1 and Pax2 in a differential way and led to induction of ectopic structures of ear identity. In addition, we demonstrate that FGF8 is expressed within the otic placode during a very short time period and thus represents a new member of the FGF family that is involved in early ear development. FGF8 is also transiently expressed in the cells of the otocyst, which delaminate to form the vestibulo-acoustic ganglion (Hidalgo-Sanchez et al., 2000; this work) . Our results suggest an important albeit limited role of FGF signals in the ear induction and in the patterning of the otocyst.
Results

Ectopic FGF2 leads to changes in expression pattern of otic specific genes
To assess the role of FGF signals during placodal and early vesicle stages of the inner ear development we implanted FGF2 soaked beads anterior and posterior to the developing chicken inner ear at HH stages 10 2 11 1 (10-14 somites). The operated ears and the control embryos, which received phosphate buffered saline (PBS) soaked beads were subsequently incubated in ovo for 24 h. The embryos were hybridised with probes for various marker genes for ear development. We first analysed expression of the two homeobox containing genes, Nkx5-1 and SOHo1. As already mentioned, Nkx5-1 is expressed in the rostral and lateral part of the otic vesicle and plays an important role in vestibular development Herbrand et al., 1998) . SOHo1 belongs to the same gene family as Nkx5-1 but shows a complementary expression in the otic placode (Deitcher et al., 1994; Kiernan et al., 1997) . In the otic vesicle expression of both genes overlaps in the lateral wall. Fig. 1 illustrates the effects of FGF2 coated beads implanted anterior and posterior of stage 10 otic placodes on cNkx5-1 and SOHo1 expression after 24 h incubation. The anteriorly located FGF2 beads led to the clearly stronger and broader cNkx5-1 and SOHo1 expression (Fig. 1a,c) , respectively. In the case of Nkx5-1 the effect of posteriorly applied beads on gene expression was comparable to the anteriorly placed beads (Fig. 1b) but was less pronounced when SOHo1 expression was analysed (Fig.  1d) . Interestingly, posterior beads resulted often in induction of ectopic cNkx5-1 or SOHo1 positive structures (arrows in Fig. 1b,d , see also below and Fig. 4) . The activation of cNkx5-1 gene by the FGF signal could be achieved during a relatively long period of otic development up to around HH stage 16. Fig. 1a 0 and b 0 illustrate the enlargement of cNkx5-1 expression domain after anterior (Fig. 1a  0 ) or posterior (Fig. 1b  0 ) FGF2 bead implantation at HH stage 15 and at 24 h incubation. In another series of implantation experiments expression of Pax2 and Dlx5 genes, both known to be important for ear development (Torres et al., 1996; Acampora et al., 1999) , was investigated. After anterior bead implantation Pax2 expression change was similar to Nkx5-1 and SOHo1 with an enlargement of the expression domain and higher signal intensity (Fig. 2a) . In contrast, a posteriorly placed ectopic FGF source did not result in strong changes of expression (Fig. 2b) . Despite little Pax2 expression changes within the otocyst, posterior bead implantation induced ectopic Pax2 positive areas caudal to the otic vesicle (arrows in Fig. 2b and see below). In addition to the ear effects, both anterior and posterior beads influenced other Pax2 expression domains. For example, an extension of the Pax2 expression in the branchial region can be clearly recognised in Fig. 2b and an ectopic Pax2 expression in the hindbrain is indicated in Fig. 2a (white arrowhead) . In contrast to effects on cNkx5-1, SOHo1 and Pax2 expression, FGF2 soaked beads did not cause an increase of expression of another homeobox containing gene, Dlx5. No changes of Dlx5 expression on the operated side (right) were observed as compared to the control side (left; Fig. 2c,d ).
In addition to inner ear expressed transcription factors a secreted molecule, BMP4, was analysed after implantation of FGF2 soaked beads. BMP4 was postulated to play a role during patterning of the otocyst and later in the determination of sensory areas of the inner ear (Chang et al., 1999; Gerlach et al., 2000) . No changes of BMP4 expression in the ear vesicle or surrounding mesenchyme were induced by the ectopic source of FGF2 (n ¼ 12; data not shown).
To assess differences in the width and strength of gene expression areas in a more objective way, a detailed comparative analysis of hybridised and control vesicles was performed (Fig. 3 ). Different responses of individual genes suggested that FGF signals regulate distinct sets of otic specific genes. Changes observed in the signal intensity and the size of expression domains of genes investigated here were not simply due to the bigger size of the operated vesicles as the presented values were normalised to the FGF-influenced vesicle size (see Fig. 3d ). Whereas FGF treatment increased the size of vesicles to about 10% (see Section 4), changes of the expression domains size and strength varied between 10 and 300% (Fig. 3d) . Differences in gene expression depended on the location of the FGF2 coated bead (posterior or anterior) and on the analysed gene. SOHo1 and Pax2 were activated stronger when beads were placed anteriorly, whereas cNkx5-1 was stimulated by beads in both locations. In contrast, Dlx5 expression appeared to be slightly down-regulated by FGF2 application. 
FGF2 induces ectopic structures that express ear marker genes
As already mentioned above, posterior beads resulted in some cases in induction of ectopic areas expressing cNkx5-1 (three out of 29), SOHo1 (four out of 17) or Pax2 (one out of 16) but not Dlx5 gene (n ¼ 18; Figs. 1b, d and 2b) . Such ectopic structures were never observed in control, unoperated vesicles or in operated embryos, which received FGF2 beads anterior to the otic placode ðn ¼ 60Þ. A relatively low incidence of ectopic induction may be due to a specific position required for the FGF bead. In all cases where ectopic gene expression was observed the bead was placed very close to the vesicle, immediately below its ventro-caudal aspect (see a representative example in Fig. 4a ). The morphology of the induced cells was of epithelial character. As shown in Fig.  4b , ectopically located, cNkx5-1 expressing cells display a columnar shape characteristic for otic epithelium that differs from the underlying mesenchyme and adjacent cuboidal cells of the surface ectoderm. In some operated embryos, induced Fig. 3 . Effects of FGF2 and FGF8 beads implantation on gene expression. An example of image processing employed for comparison of ear size and expression changes after FGF bead implantation is shown in (a-c). The bead was implanted at HH stage 10 posterior to the developing ear (asterisk); after 24 h of incubation the embryo was hybridised with cNkx5-1 probe and vibratome cut. The compound picture was made from serial sections captured directly from the microscope and the ear vesicles manually identified on each section (white outline in (a)). All area except the ear was erased, images of left and right vesicles separated and the image desaturated (b). Brightness levels were reduced to four values, indicating strength of the expression (c). This procedure was repeated for all analysed embryos (see Section 4 for details). (d) A summary of implantation experiments and hybridisation with cNkx5-1, SOHo1, cPax2 and cDlx5 probes. Columns represent change of the size of the entire expression domain (light grey) and the strength of expression (dark grey) of the right (operated) vesicle in relation to the left (control) vesicle. Ant, anterior FGF bead; Post, posterior FGF bead; n, number of embryos in a given group. cells appeared to migrate out of the otic vesicle directly as in the example in Fig. 4a . In others, ectopic structures were observed in some distance and without any connection to the endogenous otic vesicle. This suggests that FGF2 induced not only migration of cells with otic identity but led to formation of ectopic structures (see Section 3). The epithelial morphology and ectopic gene expression domains persisted up to 2 days after the operation (Fig. 4c-e) , when small patches of Nkx5-1 positive cells were still observed (Fig.  4d,e) . However, they disappeared when the incubation time was prolonged to 3 days (not shown).
FGF8 is transiently expressed in the otic placode and causes similar effects as FGF2
We have recently demonstrated that in zebrafish another member of the FGF-family, FGF8, plays a role in the patterning of the otocyst and later in the formation of the otic ganglion (Adamska et al., 2000) . To investigate whether this factor fulfils a similar function in higher vertebrates we first analysed FGF8 expression during early stages of the chick inner ear development. Indeed, it appeared that FGF8 is transiently expressed in the otic placode for a very short time. Expression begins at the 10 somite stage as a diffuse, very weak domain (not shown). In slightly older 11-14 somite embryos FGF8 expression is confined to the rostral part of the otic placode ( Fig. 5a-f) . At the 12 somite stage, FGF8 signal intensity in the ear placode reaches its peak and equals the intensity of FGF8 expression in the ectoderm and endoderm of the branchial region as illustrated in the transversal section in Fig. 5b . Only a few hours later the placodal expression strongly decreases and is completely absent at the 16 somite stage (Fig. 5g-i) .
A series of implantation experiments were performed with FGF8 coated beads, designed in the same way as the previous experiments with FGF2 coated beads. Our results clearly showed that FGF8 induced similar changes in the size of the otic vesicles and the expression of otic genes. Representative experiment is shown in Fig. 5j -l. FGF8 beads (arrowheads in Fig. 5k,l) led to an increased expression of the cNkx5-1 ðn ¼ 16Þ and SOHo1 ðn ¼ 21Þ genes. Computer analysis of several of the cNkx5-1 stained embryos which received FGF8 beads posterior to otic vesicle ðn ¼ 5Þ revealed a 10% increase of the size of affected otocysts and 70% enlargement of the cNkx5-1 expression domain; the signal intensity of the cNkx5-1 hybridisation was three times stronger than on the control side (Fig. 3d) . Similar changes were observed in SOHo1 ðn ¼ 21Þ and Pax2 ðn ¼ 12Þ expression ( Fig. 3d and not shown). Thus, FGF8 is not only transiently expressed in the otic placode but does also influence its growth and patterning. However, we never observed ectopic ear structures in embryos which received FGF8 beads (Nkx5-1, n ¼ 16; SOHo1, n ¼ 21 and Pax2, n ¼ 12).
FGF treatment causes an enlargement of the vestibuloacoustic ganglion
We were interested in whether the changes of gene expression patterns observed after FGF treatment at the otocyst stage led to long term effects on inner ear morphology. Therefore, embryos which received FGF beads at HH stage 10 were incubated for a longer time period up to 3 days after bead implantation. Surprisingly, embryos with posteriorly implanted beads ðn ¼ 7Þ developed completely normal ears as did control embryos with PBS soaked beads. Fig. 6a shows an embryo hybridised with cNkx5-1 after the posterior bead implantation. As revealed on transversal sections (see a representative example in Fig. 6b ) ears on both sides looked fairly normal. The vestibulo-acoustic ganglion was also forming normally at the medio-ventral side of the developing inner ear as indicated by the dotted line in Fig. 6b . In contrast, vesicles which received anterior FGF beads displayed significant morphological changes (Fig. 6c,d ). Operated ears of such embryos (four out of six) appeared shorter in their longitudinal axis and flattened in their medio-lateral axes in comparison to the unoperated side (Fig. 6d) . These changes were most probably caused by the strikingly enlarged vestibulo-acoustic ganglion on the affected side (compare areas marked by dotted lines in Fig.  6d ). To prove that the enlarged area contains additional ganglionic cells, a ganglion specific probe was hybridised to operated embryos. For this purpose, a cDNA fragment corresponding to approximately 400 bp of the 3 0 -untranslated region of the chicken NSCL2 mRNA was generated (see Section 4). Transcripts for this gene mark ganglion forming cells beginning at E3 of chick development (not shown). In 11 out of 14 operated embryos, which were analysed for NSCL2 expression a clearly enlarged NSCL2 positive ganglionic domain was observed. Representative examples of two different embryos are shown in sections in Fig. 6e ,f. Implantation of FGF8 soaked beads anterior to the otocyst led to similar increase of the ganglion to those caused by FGF2 (n ¼ 6, data not shown). FGF2 expression in the otic vesicle and ganglion forming cells of mouse, rat and chicken and its role in the ganglion formation have been described already Zhou et al., 1996; Zheng et al., 1997) , while an involvement of FGF8 in this process was not reported so far in higher vertebrates. Interestingly, we observed a weak FGF8 expression for a very short time in the region of otocyst where the cells destined to form the otic ganglion were about to delaminate (Fig. 6 g,h) . This intriguing FGF8 expression was also reported recently by Hidalgo-Sanchez et al. (2000) .
Enlargement of the vestibulo-acoustic ganglion is due to increased recruitment of cells to neuronal fate and not to a higher cell proliferation
The increased size of the vestibulo-acoustic ganglion after anterior FGF bead implantation could be caused by a higher proliferation of the ganglion forming cells. However, no significant increase of cell proliferation was observed on the operated side using anti-proliferating cell nuclear antigen-(PCNA)-staining or bromodeoxyuridine (BrdU) incorporation assays (Fig. 7E,F and data not shown) . In contrast, marker of neuronal cells revealed significant increase in the size and intensity of their ganglionic expression domain. Fig. 7C ,D,G-J illustrates such changes of expression of btubulin III protein and c-islet1 mRNA, respectively. These changes strongly suggest that FGF signals promote more cells to commit to a neuronal fate. 
Discussion
FGF signals control the patterning of the inner ear
FGFs are potent factors influencing various aspects of embryonic development. Some FGFs are essential for very early developmental stages before or during gastrulation. Later, several FGFs fulfil critical roles in formation of different organs (review: Mason, 1994; Yamaguchi and Rossant, 1995) . FGFs were also implicated in the inner ear development. Especially FGF3 and FGF2 were discussed as potential ear inducers in frog, chicken and mouse (Represa et al., 1991; Mansour et al., 1993; Mansour, 1994; McKay et al., 1996; Mahmood et al., 1996; Fekete, 2000) . However, confusing differences between the action of individual FGFs were found in various species (see below). The exact function of FGFs during vertebrate inner ear development is still not understood. Our experiments demonstrated that ectopically applied FGF2 or FGF8 had led to an enlargement of the otic vesicle and to a significantly increased transcription of several otic expressed genes. We investigated expression of transcription factors Nkx5-1, SOHo1, Dlx5 and Pax2, which mark already the otic placode and then the otocyst and fulfil important roles in the inner ear morphogenesis (Torres et al., 1996; Hadrys et al., 1998; Acampora et al., 1999) . In addition to the transcription factors, expression of the gene encoding signalling secretory molecule, BMP4, was analysed. Among the genes investigated transcriptional activation was observed only for Nkx5-1, SOHo1 and Pax2, while Dlx5 and BMP4 were not activated by FGF signals. The extent of transcriptional activation was in most cases dependent on the position of the ectopic FGF source. FGF activated genes, such as Nkx5-1, SOHo1, and Pax2 reacted most strongly when the source of ectopic FGF was placed rostrally to the otic placode. This positional effect could be due to local distribution and availability of suitable receptors. Although all four known FGF receptors appear to be expressed at the otocyst stages, the exact distribution of individual receptors is still to be analysed (Pickles, 2001) . Differential changes in gene expression patterns allow us to assume that the enhancement of proliferation leading to a bigger otocyst and increased transcription of some ear expressed genes represent two separate effects of FGFs. The observed changes here could not, however, be ascribed to any specific fates within the developing ear. For example, the two homeobox genes, cNkx5-1 and cDlx5, which are expressed in the same dorso-lateral region of the vesicle responded in opposite ways to FGF. In the mouse inactivation of either Nkx5-1 or Dlx5 gene results in morphologically similar vestibular defects. Despite the similarity of the phenotype each gene seems to act in a parallel, independent pathway of the vestibular development since Dlx5 expression is unchanged in the Nkx5-1 knock out mouse and vice versa (Acampora et al., 1999) . Different responses of both genes to FGF signals are thus in line with these previous observations. On the other hand, it was surprising that Pax2 and Nkx5-1 responded in a similar way to FGF signals because our previous transplantation experiments suggested that both genes were controlled by different signals from the immediate environment albeit the molecular identity of such signals was not resolved (Herbrand et al., 1998) . Interestingly, at the placode stage Nkx5-1 and Pax2 genes show an overlapping expression pattern and separate only later in two complementary domains (Rinkwitz-Brandt et al., 1996; Hadrys et al., 1998) and thus both can be targets for FGF signalling at a defined time point of development. Which member of FGF family directs the in vivo establishing of regionally restricted gene expression pattern within the otocyst is not clear. From both investigated factors here FGF2 is expressed homogeneously throughout the placode and then the vesicle (Frenz et al., 1994; Vendrell et al., 2000) . In contrast, FGF8 expression very nicely suits the role of an initiator of gradient-like directed regional gene transcription (see Section 3.3). It should be pointed out that additional FGF leads to a drastic increase in size of the vestibulo-acoustic ganglion while the otic vesicle becomes only slightly larger. Thus, ectopic FGF might prevent cells from adopting certain epithelial cell fates but promote recruitment into the neuronal lineage as indicated by increased expression domains of cNSCL2 and c-islet1. Both genes are indicative for cells that are about to delaminate from the otic epithelium and destined to form neurons (our unpublished results and Adam et al., 1998) . It remains to be established whether the changes of expression pattern of Nkx5-1, SOHo1 and Pax2 stay in any functional relationship to expression of genes important for ganglionic fate as NSCL2 and islet1 investigated here but also other genes as members of the delta/notch pathway (Adam et al., 1998) .
In summary, our results strongly suggest that FGF signals are not only involved in ear induction as postulated for a long time (see below) but are also able to direct transcription of specific sets of otic genes and doing so contribute to pattern establishing within the otocyst.
Single FGF is not able to induce the full ear program
Based on different experimental approaches FGF signals were proposed to induce the inner ear (Represa et al., 1991; Mansour et al., 1993; Mansour, 1994; McKay et al., 1996; Mahmood et al., 1996; Vendrell et al., 2000) . Recently FGF2 and FGF3 soaked beads were shown to induce ectopic vesicles in Xenopus. However, the claim for otic identity of newly induced vesicles was based on the expression of only one gene, wnt3a . These results were only partially supported by Vendrell et al. (2000) , who expressed FGF2 and FGF3 ectopically in chicken embryos using retroviruses. Surprisingly, Vendrell et al. demonstrated that FGF3 induced ectopic otic vesicles but failed to achieve a similar activity for FGF2. Not even a change in the expression of ear specific genes was observed after FGF2 misexpression. In our experiments, FGF2 was clearly able to induce patches of ectopic cells expressing some ear markers albeit the incidence of otic induction was lower than in Xenopus embryos. In an identical experimental set up no such structures were induced when FGF8 soaked beads were used in place of FGF2. In contrast to experiments in Xenopus we were not able to induce ectopic otic structures rostrally to the otocyst. This may indicate that the ectodermal competence for ear induction moves caudally with ongoing development. The restricted response of the ectoderm to form ectopic otic structures as described in this paper does not agree with the model of Vendrell et al. (2000) who postulated that the head ectoderm possesses a broad competence for ear induction. In addition, our results suggest that FGF signal alone is not sufficient to induce the full ear program since we never observed Dlx5 expression in ectopic structures. This finding is in line with data presented recently by Groves and Bronner-Fraser (2000) which showed that ear induction and specification are composed of individual, overlapping steps. FGFs may control some but not all of these steps. It remains to be seen what the exact roles of FGF2 and FGF3 are. In a recent commentary, Fekete proposed that different responses to FGFs observed in chicken, frogs and mice might be due to species differences and their different usage of FGFs (Fekete, 2000) . We would like to propose that such differences more likely depend on a certain experimental design than on real species differences.
3.3. FGF8 represents a new member of FGF family directing ear development and formation of the vestibuloacoustic ganglion FGF8 has been demonstrated to fulfil an organiser function in different organs. For example, FGF8 is able to induce ectopic hindbrain/midbrain structures (Martinez et al., 1999) . In our experiments, FGF8 soaked beads were not able to induce ectopic ear structures. Notwithstanding the difference in the ear induction potential, ectopically applied FGF8 influenced transcription of several ear marker genes in a very similar way to FGF2. As amply documented in previous experiments different FGFs can exert similar effects in a variety of assays . Especially FGF2 and FGF8 application has been shown to lead to indistinguishable results (Bei and Maas, 1998; . These two molecules were also reported to activate the same splice variants of FGF receptors, with FGF2 having a broader range of activity (Ornitz et al., 1996) . However, the very specific and tightly restricted FGF8 expression within the otic placode implies a specific role for this factor during this period of otic development. Significantly, FGF8 expression in the rostral aspect of the otic placode starts slightly before the activation of Nkx5-1 or SOHo1 gene. The strongest Nkx5-1 expression in the otic placode can be detected also in its most anterior part, overlapping with FGF8 expressing cells and decreasing gradually in the caudal direction (Herbrand et al., 1998) . Most importantly, our previous transplantation experiments strongly argued for an internal placodal signal that should not only initiate but also organise Nkx5-1 expression in a gradient-like fashion (Herbrand et al., 1998) . Thus, cNkx5-1 behaves as expected for FGF8 activated gene. Our results suggest that FGF8 may constitute the endogenous signal establishing a distinct expression profile for the Nkx5-1 gene.
FGF8 is also expressed later in cells migrating out of the rostro-medio-ventral quadrant of the otocyst to produce vestibulo-acoustic ganglion. Although this expression is very weak, it becomes important in the light of our recent analysis of the FGF8 inactivating mutation, ace, in zebrafish (Adamska et al., 2000) . In this mutant, expression of zfNkx5-1 is almost completely abolished in the developing otic ganglion. Here again, FGF8 appears to be a possible activator of Nkx5-1, this time in ganglion forming cells. The expression of FGF8 in specific regions of the otocyst in the chick and the enlargement of the ganglion upon ectopic application of FGF suggest that FGF8 may be equally important for otic ganglion development in fish and chick.
Our observations clearly argue for a conserved role of FGF8 in phylogenetically only distantly related vertebrates.
Materials and methods
Bead preparation
Heparin coated acrylic beads (Sigma) were extensively washed in PBS and soaked in FGF2 or FGF8 solution (1 mg/ ml in PBS/0.2% bovine serum albumin; R&D Systems) in humidified chamber for 2 h at room temperature. Before implantation beads were washed in PBS. As controls, PBS soaked beads were used.
Embryo preparation and bead implantation
Fertilised chick (Gallus gallus) eggs were incubated at 37.88C and 50% humidity. Eggs were windowed, several drops of Ringer solution added and embryos visualised by sub-blastodermal injection of India Ink (Pelican Fount, 1:15 in Ringer). Embryos were staged according to Hamburger and Hamilton (1951) . Embryos with 10-14 somites (stage 102111) were chosen for implantation and controls. One set of experiments were performed with embryos of HH stage 14-15 (20-25 somites). The vitelline membrane was dissected away from the desired region of the embryo and a slit was made by a tungsten needle in a position anterior or posterior to the otic placode/vesicle. The bead was added to the embryo using a pipette and manoeuvred to the slit with a tungsten needle. In most cases, the bead was implanted on the right side of the embryo, however, in few cases the operation was performed on the left side and provided the same result. Windows in operated eggs were sealed with tape and the eggs were incubated for additional 24 h, for 2, or 3 days. After incubation embryos viability and bead position were visually assessed (except for the 2 and 3 days incubation where bead position could be visualised only after processing and sectioning, see below). Healthy looking embryos with beads close to the vesicle (located closer than a one vesicle diameter away from the vesicle) were fixed in 4% paraformaldehyde/PBS overnight at 48C. Such embryos constituted about 75% of the operated embryos.
Whole-mount in situ hybridisation and antibody staining
Whole-mount in situ hybridisation experiments and vibratome sectioning were performed as previously described (Bober et al., 1994; Herbrand et al., 1998) . Antisense RNA probes were generated as described (cNkx5-1 and cPax2, Herbrand et al., 1998; cDlx5, Pera et al., 1999; SOHo1, Kiernan et al., 1997; cBMP4, Wu and Oh, 1996; cFGF8, Crossley et al., 1996 and c-islet-1, Varela-Echavarria et al., 1996) . cNSCL-2 probe was polymerase chain reaction-(PCR)-cloned using cDNA from 4-day-old chicken embryos as a template and primers (forwards: TAAGCA-GAAAGTGTAAAATG and backwards: AGAAAA-GAAGTCGAGAAACAAATG) matching with recently reported chicken sequence (Gene bank accession number: AF 109012). The 0.4 kb fragment corresponding to 3 0 UTR was cloned into pGEMT vector (Promega), and antisense probe generated by linearising the vector with Not I and transcription with T7 polymerase.
Immunohistological analysis was performed on serial transversal paraffin sections (10 mm). Following antibodies were used: anti-b-tubulin III (diluted 1:500, BAbCO), PCNA (undiluted, DAKO), biotinylated anti-mouse antibody and avidin-biotin complex were from the Vectastain kit (Vector).
Computer analysis
To assess changes in otic vesicle size and level of gene expression after FGF bead implantation the embryos were submitted to computer image analysis. Only embryos with bead implanted on the right side at stage 10-111 and incubated for 24 h were used for this analysis. Embryos were grouped according to the bead position (anterior and posterior) and to the probe used for whole-mount in situ hybridisation. As controls either not-operated embryos of the same age or embryos with PBS beads were used. Sizes of embryos' ear vesicles, expression domains and strength of expression were evaluated as exemplified on Fig. 3 . For each embryo all images of the serial sections through both ear vesicles were captured directly from the microscope using a SeeScan camera. Compound pictures were prepared in Adobe Photoshop program, left and right vesicle areas were manually identified (outlined) on each picture (Fig.  3A) . Whole area except vesicles on each picture was erased (filled white) and the pictures were converted to 255 grey levels format (Fig. 3B) . Pictures' brightness levels were reduced (posterized) to four levels: 0, black, 85, dark grey, 170, light grey and 255, white (Fig. 3C) . Brightness levels of 255, 0-170, 0-85 and 0 acquired meanings of background, vesicle area, expression domain area and strong expression area, respectively. Pixels belonging to background level were neglected. Pixels belonging to other levels were calculated and summed up for left and right vesicle separately. Total numbers of pixels in individual levels constituted the following parameters: ear size, expression domain size, strong expression size. The above parameters were summed up to obtain six parameters describing every group; they were dubbed V L , V R , E L , E R , S L , S R (otic Vesicle size, Expression domain size and Strong expression domain size of the Left and Right vesicle, respectively).
To compare the sizes of the left and right ear vesicle the embryos were grouped according to the bead position, not depending on the probe used for hybridisation. That allowed comparing relatively big numbers of embryos (29 embryos with anterior FGF2 bead, 32 embryos with posterior FGF2 bead and 21 control embryos). The change of vesicle size (VS) was obtained by dividing V R by V L : VS ¼
The operated vesicles showed a mean increase in size of 10% whereas no changes of vesicles size were observed in controls. The statistical t-test was used to evaluate the differences in means between analysed groups. Theoretically, the t-test may be used as long as the variables are normally distributed within each group and the variation of scores in the groups is not reliably different. In the analysed case the assumption of normality would not be sufficiently met (the assumption was evaluated by applying Shapiro-Wilks' W test) and for that reason the difference in means was also evaluated by non-parametric alternatives to the t-test -Kolmogorov-Smirnov two sample test and Mann-Whitney U test. All the above tests proved that the differences between mean sizes of control and FGF2 treated vesicles were statistically significant with P , 0:03.
To assess change of expression domain size and strength of expression embryos were grouped according to bead position and hybridisation probe. Change of expression domain size (DS) was calculated by dividing ratio E R to V R by ratio E L to V L .
Change of expression strength (ES) was calculated by dividing ratio S R to E R by ratio S L to E L .
